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METHODS FOR INDUCING
DIFFERENTIATION OF PLURIPOTENT
CELLS

FIELD OF THE INVENTION

The present invention relates to methods for inducing
differentiation of pluripotent cells.

BACKGROUND OF THE INVENTION

Interest 1n regeneration therapy 1s growing. Over the past
few vyears, several studies have been conducted on the
generation ol hepatocytes using bone marrow and liver

N

stem-like cells obtained from living bodies [Schwartz, R. E.,
Reyer, M., Koodie, L., hhang, Y., Blackstad, M., Lund, T.,
Lenvik, T., Johnson, S., Hu, W. S., Vertaillie, C. M., “Mul-
tipotent adult progenitor cells from bone marrow differen-
tiate into functional hepatocyte-like cells.”, J. Clin. Invest.
109, 1291-1302, 2002; and Suzuki, A., Zheng, Y. W.,
Kaneko, S., Onodera, M., Fukao, K., Nakauchi, H., Tanigu-
chi, H., “Clonal i1dentification and characterization of seli-
renewing pluripotent stem cells 1n the developing liver.”, J.
Cell Biol. 156: 173-184, 2002]. At the same time, the present
inventers observed that embryonic stem (ES) cells can
differentiate. ES cells were first established by cloning cell
lines that comprised several diflerentiation activities, using
the 1nner cell masses of mouse blastocysts on dlshes pre-
treated with gelatin and comprising misogynic C-inactivated
STO fibroblasts [Evans, M. J., Kaufman, M. H., “Establish-
ment 1 culture of plunipotential cells from mouse
embryos.”, Nature 292:154-156, 1981; Martin, G. R., “Iso-
lation of a pluripotent cell line from early mouse embryos
cultured 1n medium conditioned by teratocarcinoma stem
cells.”, Proc. Natal. Aced. Sic. USA. 78: 7634-7638, 1981;
and Bradley,A Evans, M., Kautman, M. H., Robertson, E.,
“Formation of germ-line chlmaeras from embryo derived
teratocarcinoma cell lines.”, Nature. 309: 255-256, 1984].
When 1n the presence of a feeder cell layer or leukemia
inhibitory factor (LIF), ES cells multiply semi-permanently
under conditions that maintain their undifferentiated state
[ Williams, R. L., Hilton, D. J., Pease, S. et al, “Myeloid
leukaemia inhlibitory factor maintains the developmental
potential of embryonic stem cells.”, Nature 336: 684-687,
1988]. When allowed to dit erentlate 1n a suspension culture,
ES cells form spherical multi-cellular aggregates, called
embryonic bodies (EBs). EBs have been shown to comprise
a variety of cell populations. The processes ol neuron,
cardiac muscle and hematopoietic cell differentiation have
been investigated using ES 1n vitro diflerentiation systems
|Schmitt, R. M., Bruyns, E., and Snodgrass, H., “Hemato-
poietic development of embryonic stem cells 1n vitro, cytok-
ine and receptor gene expression.”, Genes Dev. 5: 728-740,
1991; Keller, G. M., “In vitro diflerentiation of embryonic
stem cells.”, Cur. Open. Cell Boil. 7: 862-869, 1995;
Sanchez-Carpintero, R., and Narbona, J., “Executive sys-
tem: a conceptual review and its study in children with
attention deficit hyperactivity disorder.”, Rev. Neurol. 33:
4°7-33, 2001; and Bain, G., Kitchens, D. Yao M., Huettner,
J. E., and Gottheb D. 1., “Embryomc stem cells CXPress
neuronal properties in VltI’O , Dev. Boil. 196: 342-357:
1993]. Thus, ES cell di:Terentiation provides a valuable
model for the study of visceral endoderm formation, and
provides new possibilities for transplantation medicine.
Recently, biomaternials were used in the cell therapy of a
number of daisies patients. For example, by culturing for
four months in a medium supplemented with fibroblast
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2
growth factor (FGF)-2, ES cells transfected with hepatocyte
nuclear factor (HNF)-3p were differentiated from albumin-
induced cells [Ishizaka, S., Shiroi, A. et al., “Development
of hepatocytes from ES cells after transfection with the
HNF-3p gene.”, FEBS J. 16: 1444-1446, 2002]. After 18
days of culture, EBs diflerentiated into hepatocytes, and

were plated onto gelatin-coated dishes and incubated for 21

to 30 days without LIF and growth factors [Abe, K., Niwa,
H., Iwase, K., Takiguchi, M., Mori, M., Abe, S., and Abe, K.,
“Endoderm-specific gene expression in embryonic stem
cells differentiated to embryoid bodies.”, Exp. Cell Res. 229:
2'7-34. 1996; and Miyashita, H., Suzukl A., Fukao, K.,

Nakauchi, H., and Taniguchi, H., “;wdence for hepatocyte
differentiation from embryonic stem cells 1 vitro.”, Cell
Transplantation. 11: 429-434, 2002]. The product of the
EB-dernived hepatocytes was plated on collagen type
I-coated dishes and cultured for 18 days along with growth
factors (acidic fibroblast growth factor (aFGF), hepatocyte
growth factor (HGF), and oncostatin M (OsM)), dexametha-
sone, and IST (a mixture of insulin and transferin). However,
in vitro EB formation was necessary in all cases where
hepatocytes were formed from ES cells. Functional cells
produced from EBs encounter several problems, such as
teratoma formation. In addition, the formation of EBs from
ES cells 1s laborious, and the differentiation rate 1s generally
low. Differentiation to a number of other cells often occurs,
thus calling for a hepatocyte purification Step. Few studies
have attempted to differentiate cells from ES cells without
mediating EBs. The only example of such a study 1s that in
which Aubert et al induced nerve cell differentiation (Aub-
ert, J., Dunstan, H., Chambers, 1., and Smith, A., “Functional
gene screening in embryonic stem cells implicates Wnt
antagonism 1n neural differentiation.”, 20: 1240-1245,
2002).

Mesenchymal stem cells (MSCs) were first 1solated from
bone marrow by Friedenstein in 1982 by simple plating on
plastic in the presence of fetal calf serum (FCS) (Pittenger
M. F. et al., Science 284, 143-1477, 1999). Human MSCs
isolated from bone marrow (BM) aspirates share a general
immunophenotype, and are uniformly positive for SH2,
SH3, CD29, CD44, CD71, CD90, CD106, CD120a and
CD124, but negative for CD14, CD34, and the leukocyte
common antigen CD45 (Pittenger F. M. et al., supra, 1999).
In addition, the expression of VCAM-1, LFA 3, and HLA
MHC Class I molecules 1n human MSCs was shown by flow
cytometry analysis, suggesting the ability of these cells to
undergo appropriate interaction with T-cells.

Human MSCs are multipotent, and they can differentiate
into at least three lineages (osteogenic, chondrogenic, and
adipogenic) when cultured under defined 1n vitro conditions
(Pittenger F. M. et al., supra, 1999). Previously attempts at
differentiation of mature hepatocytes from adult BM includ-

ing human MSCs (CD34-positive cell fraction) have been
reported (Camper S. A. and Tilghman S. M., Biotechnology

16, 81-87, 1991; Nahon J. L,. Biochimie. 69, 445-459, 1987;
and Medvinsky A. and Smith A., Nature 422, 823-825,
2003). However, there are no reports of the induction of
functional hepatocytes by direct differentiation in vitro.

SUMMARY OF THE

INVENTION

The present invention was accomplished under the afore-
mentioned circumstances. The objective of the present
invention 1s to identity factors involved in inducing the
differentiation of pluripotent cells, and to provide an eflicient
method of cell differentiation induction that utilizes these
factors.
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ES cells can differentiate into any adult animal cell type.
It was recently demonstrated that ES cells could differentiate
into hepatocytes. However, the mechanism serving as the
basis of this differentiation 1s not fully understood. Previ-
ously, the present inventors found that mature hepatocytes
can be formed using ES cells and a CCl,-treated mouse
strain (Yamamoto, H. et al., Hepatology, 37: 983-993, 2003).
In the present invention, cDNA microarray technology was
used to analyze changes in gene expression over 24 hours in
placebo-treated mouse liver and CCl,-treated mouse liver,
and several growth factors were selected. Next, the effects of
the matrix and growth factors on the differentiation rate of
ES cells to hepatocytes were investigated. As a result, mouse
ES cells were successiully differentiated into hepatocytes
without forming EBs, using a simple adherent monoculture
in a medium comprising several growth factors in culture
dishes with two diflerent matrices. Specifically, the expres-
sion of primary liver genes was determined, and liver-
specific metabolic activities were measured 1n differentiated
cells derived from mouse ES cells. These cells were dem-
onstrated to have hepatocyte-specific characteristics. More-
over, hepatocytes were also successiully differentiated from
the ES cells of cynomolgus monkeys. These results suggest
that during differentiation into functional hepatocytes, ES
cells require neither EB formation nor a co-culturing system.
Furthermore, the present mventors discovered that trans-
plantation of ES-derived hepatocytes exhibits a therapeutic
ellect against cirrhosis.

Furthermore, by utilizing the aforementioned differentia-
tion mducing method, differentiation from human mesen-
chymal stem cells into mature hepatocytes was 1nduced.
Papers reporting the imnduction of diflerentiation of marrow
cell-derived mesenchymal stem cells to hepatocytepapers
have to date focused mostly on research using rat and mouse
cells and individuals. There are few examples of inducing
differentiation from human-derived cells. These few
example cases ol using human mesenchymal stem cells
make use of the CD34 positive fraction, which 1s known to
be an undiflerentiation marker. On the other hand, the cells
used by the present inventors herein are CD34 negative.
Previously, induction of differentiation into cardiac muscle,
skeletal muscle, bone, nerve cells, epithelial cells and the
like has been confirmed using demethylating agents, etc.
However, there has been no example reports of the induction
of differentiation 1nto hepatocytes. However, results
obtained using the present differentiation mmducing system
revealed that the CD34 negative fraction also comprises the
ability of differentiating into hepatocytes. In addition, the
expression ol an important liver gene was confirmed 1n cells
differentiated using the present method. Also, the difleren-
tiated cells dernived from human mesenchymal stem cells
using the present method comprised characteristics particu-
lar to hepatocytes. Furthermore, chromosome abnormality
was not found to be caused, regardless of the presence or
absence of differentiation induction.

In this manner, the present invention provides evidence of
serving as a novel source of hepatocytes for new therapeutic
strategies such as cell transplantation and tissue manipula-
tion.

Specifically, the present invention provides the following:

[1] a method for inducing differentiation of pluripotent
cells comprising the following steps (a) and (b):

(a) culturing the pluripotent cells 1n a medium comprising
any one ol the following growth factors (1) to (111):

(1) acidic fibroblast growth factor, fibroblast growth factor
4, and hepatocyte growth factor;
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(11) acidic fibroblast growth factor, and growth factor(s)
selected from activin A, epidermal growth factor, and
B-nerve growth factor; and

(111) fibroblast growth factor 4, and growth factor(s)
selected from activin A and hepatocyte growth factor; and,
(b) culturing the cell cultured 1n step (a) 1 a medium

comprising oncostatin M;

[2] the method according to [1], wherein a gelatin-coated
culture dish 1s used 1n step (a), and a collagen type I-coated
culture dish or laminin-coated culture dish 1s used in step
(b);

[3] the method according to [1], wherein a collagen type
[-coated culture dish 1s used;

[4] a method for inducing differentiation of pluripotent
cells comprising the following steps (a) and (b):

(a) culturing the pluripotent cells in a medium comprising at
least one growth factor selected from retinoic acid, leu-
kemia inhibitory factor, and hepatocyte growth factor;
and,

(b) culturing the cell cultured 1n step (a) 1 a medium
comprising any one of the following growth factors (1) to
(111):

(1) acidic fibroblast growth factor, fibroblast growth factor
4, and hepatocyte growth factor;

(1) acidic fibroblast growth factor, and growth factor(s)
selected from activin A, epidermal growth factor and
B3-nerve growth factor; and

(111) fibroblast growth factor 4, and growth factor(s)
selected from activin A and hepatocyte growth factor;

[ 5] the method according to [3], wherein gelatin-coated
culture dishes are used 1n steps (a) and (b);

[6] a method for inducing differentiation of pluripotent
cells comprising the following steps (a) to (c):

(a) culturing the pluripotent cells in a medium comprising at
least one of the growth factors selected from retinoic acid,
leukemia nhibitory factor and hepatocyte growth factor;

(b) culturing the cell cultured 1n step (a) 1 a medium
comprising any one of the following growth factors (1) to
(111):

(1) acidic fibroblast growth factor, fibroblast growth factor
4 and hepatocyte growth factor;

(1) acidic fibroblast growth factor, and growth factor(s)
selected from activin A, epidermal growth factor and
B3-nerve growth factor; and

(111) fibroblast growth factor 4, and growth factor(s)
selected from activin A and hepatocyte growth factor; and,
(c) culturing the cells cultured in step (b) 1n a medium

comprising oncostatin M;

[ 7] the method according to [35], wherein gelatin-coated
culture dishes are used 1n steps (a) and (b), and a collagen
type I-coated culture dish or laminin-coated culture dish 1s
used 1n step (c¢);

[8] a method according to any one of [1] to [7], wherein
the pluripotent cells are derived from a mammal;

[9] the method according to [8], wherein the mammal 1s
a human, monkey, mouse, rat or pig;

[10] a method according to any one of [1] to [9], wherein
the pluripotent cells are embryonic stem cells, adult stem
cells, mesenchymal stem cells, or umbilical cord blood cells;

[11] a method for producing hepatocytes, wherein the
method comprises steps (a) and (b) according to any one of
[1] to [5], or steps (a) to (c¢) according to [6] or [7];

[12] the method according to [11], wherein the hepato-
cytes are mature hepatocytes;

[13] the method according to [11] or [12], wherein the
pluripotent cells are derived from a mammal;
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[14] the method according to [13], wherein the mammal
1s a human, monkey, mouse, rat or pig;

[15] a method according to any one of [11] to [14],
wherein the pluripotent cells are embryonic stem cells, adult
stem cells, mesenchymal stem cells, or umbilical cord blood 5
cells;

[16] a hepatocyte produced by a method according to any
one of [11] to [13];

[17] a therapeutic agent for a liver disease comprising the
hepatocyte according to [16]; 10
[18] the therapeutic agent according to [17], wherein the
liver disease 1s cirrhosis, fulminant hepatitis, biliary atresia,

liver cancer, or hepatitis;

[19] a kit comprising any one of the following (a) to (¢):

(a) acidic fibroblast growth factor, fibroblast growth factor 4, 15
and hepatocyte growth factor;

(b) acidic fibroblast growth factor, and growth factor(s)
selected from activin A, epidermal growth factor, and
B3-nerve growth factor; and

(c¢) fibroblast growth factor 4, and growth factor(s) selected 20
from activin A and hepatocyte growth factor;

[20] the kit according to [19] further comprising oncos-
tatin M:; and

[21] the kit according to [20] further comprising at least
one growth factor selected from the group consisting of 25
retinoic acid, leukemia inhibitory factor, and hepatocyte
growth factor.

BRIEF DESCRIPTION OF THE DRAWINGS

30

FIG. 1 shows 1n vitro induction of ES cell differentiation.
The protocol for 1 vitro differentiation used in the present
invention 1s as described i Examples.

FIG. 2 shows graphs indicating the effects of growth
factors on the ability to induce GFP-positive cells. (A): A 35
single growth factor (white bars: RA-untreated ES cells,
black bars: RA-treated ES cells). (B), (C) and (D): Combi-
nations of two growth factors. (E): Combinations of three
growth factors. The final growth factor concentrations are
described 1n the Examples. (B) and (E) depict pre-culturing 40
for three days in media comprising RA in the presence of
LIF. Percentages are indicated as average scores (HGF,
FGF4 and aFGF: n=3, others: n=2).

FIG. 3 shows photographs depicting GFP-positive cells
visualized with a fluorescence microscope. (A) and (B): cells 45
on collagen type I-coated dishes; (C): cells on a gelatin-
coated dish; (D) cells on a laminin-coated dish; (E) cells on
a fibronectin-coated dish; and (F) cells on a vitronectin-
coated dish. The collagen type I-coated and gelatin-coated
dishes were obtained from Iwaki (Tokyo, Japan), while the sg
laminin-coated, fibronectin-coated and wvitronectin-coated
dishes were produced from bacterial culture dishes as
described 1n the Examples (ATG, Tokyo, Japan). Several
scores showed the highest rate of GFP-positive cells 1n each
matrix coated-dishes (n=3). The original magnification fac- 55
tor was x20.

FI1G. 4 15 a graph showing the percentage of GFP-positive
cells on several matrices. Data 1s represented as the
meanz=S.D. (*: P<0.0001, **: P<0.01).

FIG. 5 depicts photographs showing GFP expression 60
during ES cell differentiation. (A) Cells using a fluorescence
microscope. (B) Cells using a phase microscope. (C) A
combination of (A) and (B) using PhotoShop 5.0 (Adobe).

FIG. 6 depicts a photograph and graphs showing analysis
of hepatocyte-specific marker gene expression and meta- 65
bolic activity 1n differentiated ES cells, cultured 1n vitro. (A)
The expression of differentiated hepatocyte-specific marker

6

genes. Lane 1: Differentiated ES cell fraction (7 days); lane
2: differentiated ES cell fraction (5 days); lane 3: untreated
ES cells; lane 4: positive control (ALB, TO, TTR, TAT,
CK18, G6P and [3-actin from mouse liver, and AFP from
HepG2); lane 5: no template; and lane 6: genomic DNA
from untreated ES cells. (B) Analysis of ES cell difleren-
tiation with respect to glucose level in culture supernatant
(one day after plating). (C) Investigation of the differentia-
tion of ES cells () with respect to ability to remove
ammonia from culture (one day after plating). pALB/EGFP
cells (-) were used as the control. (B) and (C) show average
scores (n=2).

FIG. 7 depicts photographs showing GFP-positive hepa-
tocytes located near liver cirrhosis sites.

FIG. 8 1s a graph comparing survival rates between the
GFP-positive cell dosed group and the non-dosed group.

FIG. 9 15 a graph showing fluctuations in blood fibrinogen
levels (*: P<0.009).

FIG. 10 15 a graph showing fluctuations 1n blood albumin
levels (**: P<0.003)

FIG. 11 depicts photographs showing stained tissues
obtained from DMN-treated mice. (A) depicts stained liver
tissue three weeks after administration of PBS as a control
to DMN-treated mice. (B) depicts stained liver tissue three
weeks after transplanting GFP-positive hepatocytes into
DMN-treated mice.

FIG. 12 depicts photographs showing (A) alkaline phos-
phatase activity of pALB-EGFP/CMES cells, and (B) the
ability to form embryoid bodies (EBs).

FIG. 13 depicts photographs analyzing GFP-positive cells
induced to differentiate from CMES cells 1n vitro. (A) Leit:
cells using a phase microscope; right: cells using a fluores-
cence microscope. (B) Expression ol hepatocyte-speciiic

marker genes. Lane 1: cDNA of the GFP-positive fraction of
pALB-EGFP/CMES cells; lane 2: cDNA of undifferentiated

pALB-EGFP/CMES cells; lane 3: cDNA of CM hepato-
cytes; and lane 4: genomic DNA corresponding to the cDNA
of pALB-EGFP/CMES cells.

FIG. 14 1s a photograph showing the characteristics of
human mesenchymal stem cells used 1n the present mven-
tion. Object lensx20.

FIG. 15 shows photographs of the results of investigation
regarding drug sensitivity to genestin of normal human
mesenchymal stem cells in which genes were not ntro-
duced. Neomycin concentrations were: (A) 0 ug/ml, (B) 50
ug/ml, (C) 100 ug/ml and (D) 200 ug/ml. Object lensx20.
According to the experimental results, the concentration of
neomycin was determined to be 200 ug/ml.

FIG. 16 1s a figure showing the induction of 1n vitro
pALB/hMSC diflerentiation.

FIG. 17 shows photographs obtained by using a fluores-
cence microscope to visualize the effect of inducing pALB/
hMSC differentiation to GFP positive cells in the presence or
the absence of HIFC addition. (A) A phase contrast micro-
scope 1mage of pALB/hMSCs subjected to HIFC treatment;
(B) a fluorescence microscope image of pALB/hMSCs
subjected to HIFC treatment; (C) a phase contrast micro-
scope 1mage of pALB/hMSCs not subject to HIFC treat-
ment; and (D) a fluorescence microscope image of pALB/
hMSCs not subject to HIFC treatment. GFP positive cells
were only detected 1n cells subjected to HIFC treatment
(GFP positive rate: 70% or higher). No GFP positive cells
were detected 1n cells not subjected to HIFC treatment. The
presence or absence of HIFC was also confirmed to change
form (day 14). Object lensx20.

FIG. 18 1s photographs showing the results of expression
ol hepatocyte-specific marker genes of pALB/hMSCs cul-
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tured and differentiated 1n vitro. Lane 1: cDNA of untreated
pALB/hMSCs; lane 2: cDNA of the differentiated pALB/
hMSC fraction (day 14); lane 3: genomic DNA of untreated
pALB/hMSCs; and lane 4: the positive control (ALB, TO,
TAT and G6P are ¢cDNAs derived from normal human
cultured hepatocytes (Sanko Junyaku Co., Ltd., Tokyo,
Japan), and AFP 1s that derived from HepG2). ALB, TO,
TAT and G6P were all four positive 14 days after the
initiation of differentiation induction. However, amplified
AFG gene fragments, which indicate immature hepatocytes,
were not detected during the 14 days of differentiation
induction.

FIG. 19 1s photographs showing pALB/hMSC chromo-
somes 1n the presence or absence of HIFC treatment. (A)
HIFC-untreated pALB/hMSC chromosomes; and (B) HIFC-
treated and differentiation-induced pALB/hMSC choromo-
somes (day 14). The number of each chromosome 1s 1ndi-
cated by the figure written beneath. Chromosome
abnormality was not detected, regardless of the presence or
absence of differentiation (n=30).

DETAILED DESCRIPTION OF TH.
INVENTION

L1

The differentiation of pluripotent cells can be efliciently
induced by the present mvention. In particular, the present
invention has the advantage of being able to induce ES cell
differentiation without EB formation.

The combination of cell growth factors developed (dis-
covered) by the present inventors was for the first time
confirmed to be applicable not only to ES cells but also to
marrow cell-derived mesenchymal stem cells. In addition,
the hepatic induction factor cocktail (HIFC) differentiation
inducing system developed by the present inventors has a
high differentiation efliciently, uses only known substances
which can be industrially produced, and induces differen-
tiation to mature hepatocytes using only an 1n vitro system.
Therefore this system can prevent infection by unknown
viruses, or the problem of rejection reactions. Furthermore,
since the cells return to a living body after differentiation has
been 1induced, this system also overcomes anxieties regard-
ing fusion with host cells accompanied with differentiation
induction. Thus, the present system 1s a very important
technique aiming at clinical application 1n humans.

Furthermore, kits of the present invention can be used to
produce hepatocytes that can be used as therapeutic agents
for liver diseases, and as research reagents for inducing the
differentiation of pluripotent cells.

The present invention provides methods for inducing the
differentiation of pluripotent cells. Using the methods of the
present mnvention, 1t 1s possible to induce the differentiation
of pluripotent cells in vitro, without utilizing the tissue
regeneration ability of individual animals 1n which a disease
has been artificially induced (e.g., mice). Since conventional
methods (Yamamoto, H. et al., Hepatology, 2003) utilize the
tissue regeneration ability of individual animals 1n which a
disease has been artificially induced, problems such as
cthical 1ssues including animal care, and the potential for
infection by unknown pathogens are encountered. However,
these problems are not present 1n the methods for differen-
tiation induction developed by the present inventors. In the
present mnvention, none of the steps use animals. In addition,
in the present invention, differentiation of induction 1is
aseptic, and the origins of all required matenals are clearly
defined.

Use of a method of the present mnvention allows differ-
entiation of ES cells to be induced without EB formation. In
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cell differentiation methods that use EB formation, various
differentiations occur all at once, and thus there are few
endodermally-differentiated cells, and only a portion of
these diflerentiate into hepatocytes. Therefore, a high rate of
hepatocyte induction 1s unlikely. By using a method of the
present invention, hepatocytes can be obtained from ES cells
extremely efliciently. Herein, EBs refer to “ES cell-derived
cell clusters with the previously described phenomena and
properties”. EBs are formed as follows: ES cells are cultured
in a medium comprising mouse fibroblasts and LIF; cells
maintaining pluripotency are recovered from culture dishes;
the mouse fibroblasts and LIF are removed; the ES cells are
additionally cultured on non-matrix-coated culture dishes,
where they form clusters (cell clusters) when suspended in
the culture medium; and various cell diflerentiations (to any
of the three embryonic germ layers) begin spontaneously
and 1rregularly 1n these cell clusters.

A method of the present invention comprises the step of
culturing pluripotent cells 1n a medium comprising any one
of the following growth factors (1) to (i11) (step (a)):

(1) acidic fibroblast growth factor (aFGF), fibroblast
growth factor 4 (FGF4), and hepatocyte growth factor
(HGF);

(1) FGF, and growth factor(s) selected from activin A,
epidermal growth factor (EGF), and p-nerve growth factor
(PNGF); and

(111) FGF4, and growth factor(s) selected from activin A
and HGPF.

In the present invention, differentiation of pluripotent
cells can be induced more efliciently by using the growth
factors described 1n (1). Herein, “acidic fibroblast growth
factor (aFGF)” may be referred to as “fibroblast growth
tactor 1 (FGF1)”.

In the present invention, examples of plurnipotent cells
include embryonic stem cells (ES cells), adult stem cells,
mesenchymal stem cells and umbilical cord blood cells,
however, any cell which has the ability to differentiate into
various types of cells can be included as a pluripotent cell of
the present invention.

In addition, examples of biological species from which
the pluripotent cells of the present invention can be derived
include, but are not limited to, preferably mammals, and
more preferably primates, rodents and artiodactyls, such as
humans, monkeys, mice, rats, and pi1gs. Pluripotent cells can
be induced to diflerentiate even 1f the biological species
from which the cells are dertved differs from the biological
species from which the growth factors are derived. For
example, diflerentiation can be induced 1 cynomolgus
monkey ES cells and mouse ES cells by using human-
derived growth factors.

A method of the present invention comprises the step of
culturing the cells cultured in step (a) 1n a medium com-
prising oncostatin M (step (b)).

In a method of the present invention, pluripotent cells may
also be pre-cultured prior to step (a) 1n a medium comprising
at least one growth factor selected from retinoic acid (RA),
leukemia inhibitory factor (LIF) and HGF. By carrying out
this pre-culturing step, differentiation of pluripotent cells
can be mduced more ethiciently. In this pre-culturing step,
pluripotent cells can be mnduced to diflerentiate more efli-
ciently by culturing in a medium comprising RA 1n addition
to LIF and/or HGF. When using human cells as pluripotent
cells, the cells can be induced to diferentiate more eth-
ciently even without a pre-culturing step.

The cell culturing methods of the present invention
include a two-dimensional culturing method, using culture
dishes coated with different matrices, or culture dishes
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coated or not coated with a matrix. It may also be a
three-dimensional culturing method, using a soit gel such as
Matrigel or a collagen sponge, or 1t may be a combination
of the two. However, 1t 1s preferably a two-dimensional
culturing method, using culture dishes coated with different
matrices, or culture dishes coated or not coated with a
matrix. More preferably, it 1s a two-dimensional culturing,
method 1n which gelatin-coated culture dishes are used in
the pre-culturing step and step (a), and collagen type
I-coated culture dishes or laminin-coated culture dishes are
used 1n step (b). When using human cells as pluripotent
cells, collagen type I-coated culture dishes are preferably
used.

Although the Examples of the present invention disclose
detailed culturing conditions for steps (a), (b), and the
pre-culturing step, the culturing conditions 1n the methods of
the present mvention are not limited to these specific con-
ditions, and any typically acceptable culturing conditions
may be employed. For example, 5.0x10° to 5.0x10° cells/
culture dish 1s an exemplary number of cells to start difler-
entiation induction. Exemplary periods for differentiation
induction are two to ten days (preferably five days) 1n step
(a), one to four days (preferably two days) in step (b), and
two to five days (preferably three days) 1n the pre-culturing
step. The time period for induction of differentiation 1n
human mesenchymal cells 1s 12 to 21 days (preferably 14
days).

Examples of growth factors according to the present
invention include, but are not limited to, RA (all-trans-
retinoic acid: Wako Pure Chemical Industries, Ltd.), LIF
(ESGRO™ (10’ units): Funakoshi Co., Ltd.), HGF (Human
HGF: Verntas Corporation), aFGF (Human FGF-acidic:
Veritas Corporation), FGF4 (Human FGF-4: Veritas Corpo-
ration) and OsM (Human oncostatin M: Veritas Corpora-
tion).

In the present invention, cell differentiation can also be
induced by carrying out the pre-culturing step and step (a).
In this case, cells are preferably cultured in a medium
comprising RA added to LIF and/or HGF in the pre-
culturing step, however, cells can be induced to differentiate
even 1f cultured 1n other media, such as media comprising
only LIF, only HGF, or both LIF and HGF. Moreover, cell
differentiation can also be induced even when cells are
cultured 1n a medium comprising only HGF in the pre-
culturing step, and then directly transierred to step (b) Such
methods are also provided by the present invention.

In the present invention, hepatocytes, and particularly
mature hepatocytes, can be produced using the aforemen-
tioned methods for differentiation induction. Obtaiming,
finally differentiated cells from ES cells 1s extremely usetul
in research on hepatocyte development and differentiation,
and 1n research on and elucidation of hepatocyte interme-
diate differentiation pathways. Mature hepatocytes may be
used for cell transplant therapy objectives. Since immature
hepatocytes are not fully differentiated, their latent potential
for abnormal differentiation or abnormal proliferation (e.g.,
canceration) 1s thought to be higher than for mature hepa-
tocytes. Thus the acquisition of mature hepatocytes 1s also
advantageous from this point of view.

To confirm whether or not differentiated cells are hepa-
tocytes, hepatocyte markers or hepatocyte functions can be
used as indexes. Examples of hepatocyte functions include
the ability to produce glucose and the ability to metabolize
ammomnia. The ability to produce glucose can be confirmed
using the glucose oxidase method to analyze glucose levels
in the culture supernatant. The ability to metabolize ammo-
nia can be confirmed using the modified indophenol method
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to analyze ammonia levels 1n the culture medium (Horn, D.
B. & Squire, C. R., Chim. Acta. 14: 185-194, 1966).

The present invention also provides hepatocytes produced
according to the atorementioned steps. These hepatocytes
can be used to treat liver diseases. For example, liver
diseases can be treated using a method wherein hepatocytes
are directly transplanted through the hepatic portal, or a
method wherein hepatocytes are transplanted after embed-
ding in collagen, polyurethane or another known biocom-
patible material. In this manner, the present mvention also
provides uses for hepatocytes produced according to the
alorementioned steps. More specifically, the present inven-
tion provides liver disease therapeutic agents that comprise
hepatocytes. In addition, the present invention also provides
methods of treating liver diseases using hepatocytes.
Examples of liver diseases of the present invention include,
but are not limited to, cirrhosis, fulminant hepatitis, biliary

atresia, liver cancer, and hepatitis (e.g., viral hepatitis or
alcoholic hepatitis).

In addition, the present invention provides a kit compris-
ing (1) aFGF, FGF4, and HGF; (1) aFGE, and growth
factor(s) selected from activin A, EGFE, and PNGF; or (i11)
FGF4, and growth factor(s) selected from activin A and
HGF. Moreover, the present mvention also provides a kit
comprising OsM and any of the factors of (1) to (111); a kat
comprising OsM, LIF, RA, and any of the factors of (1) to
(111); a kit comprising OsM, HGF, RA, and any of the factors
of (1) to (111); a kit comprising OsM, LIF, HGF, RA, and any
of the factors of (1) to (111); a kit comprising OsM, RA, and
any of the factors of (1) to (111); a kit comprising OsM, LIF,
and any of the factors of (1) to (111); a kit comprising OsM,
HGPF, and any of the factors of (1) to (111); or a kit comprising
OsM, LIF, HGFE, and any of the factors of (1) to (111).

These useful kits can be utilized 1n the methods of the
present invention. Kits of the present invention can be used
for the production of hepatocytes useful as therapeutic
agents for liver diseases. They can also be used as research
reagents for inducing the differentiation of pluripotent cells.
For example, mixtures of differentiation induction factors
for use 1n each step of a method of the present invention can
be respectively enclosed in water-soluble capsules, and
these capsules added 1n proportion to the amount of culture
medium. According to the kit user’s research objectives, the
concentrations of differentiation induction factors in the
culture medium can be adjusted using the amount of mixed
capsules added, and the volume of differentiation-inducing
culture medium can be changed according to the required
number of cells. In addition, each step can be continued or
terminated by preparing mixed capsules of differentiation
induction factors that correspond to each step. When used
together with culture conditions that allow two-dimensional
culturing using culture dishes coated with different matrices
(including culture dishes without a matrix coating), or
three-dimensional culturing using a soit gel such as Matri-
gel, a collagen sponge, or such, the present invention
enables, without time constraints and in any manner desired,
(1) the real time observation of the differentiation induction
status (including cell morphology, tissue reconfiguration,
and changes in gene and protein expression) of pluripotent
cells which can differentiate either two- or three-dimension-
ally, and (11) experimentation with these cells. By combining
products currently available on the market, this diflerentia-
tion induction system can be packaged as a kit. Therelfore,
the differentiation induction system of the present invention
can be used industrially, and the production of kits 1s also
beneficial for use as research reagents.




US 7,332,336 B2

11

Herein below, the present invention will be specifically
described using Examples, however, 1s not to be construed
as being limited thereto.

(1) cDNA Microarray Analysis of Gene Expression Between
Placebo-Treated and CCl,-Treated Mice

1295V ] strain mice were treated with CCl, 1n olive oil,
and control (placebo) mice were treated only with olive o1l.
After 24 hours, RNA was extracted from the livers of these
mice, and microarray analysis was carried out on DNA chips
comprising 12,488 cDNA clones. The arrays were scanned
with an Aftymetrix GeneChip scanner, and primary image
analysis was performed using Microsoit Excel.

(2) ES Cell Cultures

The ES cell line ESJ1 (129SV 1] strain) was maintained in
an undiflerentiated state in gelatin-coated dishes (IWAKI,
Tokyo, Japan) mm 400 ml of Dulbecco’s modified Eagle
medium containing 20% fetal bovine serum, 5 ml of non-
essential amino acids, 5 ml of 100x nucleosides stock
solution (4 mg of adenosine, 4.25 mg of guanosine, 3.65 mg
of cytidine, 3.65 mg of uridine, and 1.2 mg of thymidine),
5> ml of antibiotic-antimycotic solution (GIBCO BRL, Funa-
koshi Co., Ltd., Tokyo, Japan), 3.5 ul of B-merucaptoetha-
nol, 1000 unit/ml of recombinant mouse leukemia inhibitory
tactor (LIF) (ESGRO, Funakoshi Co., Ltd., Tokyo, Japan)
and 175 ug/ml of G418 1n a 5% CO, incubator. To stimulate
expression of the EGFP transgene 1n hepatocytes, an albu-
min promoter/enhancer plasmid named pALB-EGFP was
constructed [Quinn, G. et al., Res. Commun. 276: 1089-
1099, 2000]. Albumin expression was evaluated using the
fluorescence activity of green fluorescent protein (GEFP).
Intense signals observed in HepG2 cell promoters (hepato-
blastoma) indicated that the pALB-EGFP (enhanced green

fluorescent protein) construct acted as an indicator of hepatic
differentiation of ES cells. G418-resistant pALB-EGFP/ES

cells were prepared and cultured as described [Quinn, G. et
al., Res. Commun. 276: 1089-1099. 2000]. When these cells
differentiated to albumin-producing cells, such as hepato-
cytes, they could be detected as GFP-expressing cells. By
using such cells, differentiated cells can be quantified by

sorting using flow cytometry, and then determiming the
amount of GFP.

(3) In Vitro ES Cell Diflerentiation

To induce differentiation, 5.0x10° ES cells were cultured
at 37° C. for three days using gelatin-coated dishes with LIF
and 1.0x10° M all-trans retinoic acid (RA) (Wako Pure
Chemical Industries, Ltd., Tokyo, Japan). Next, 5.0x10"
pre-cultured ES cells were plated on gelatin-coated culture
dishes, incubated at 37° C. for five days, and then dissoci-
ated from the dish. Some of these cells were transierred to
several coated dishes, followed by additional culturing at
37° C. for two days 1n a medium comprising Human
oncostatin (OsM) (Veritas Corporation, Tokyo, Japan) (FIG.
1). Media were changed every day. In some experiments,
growth factors were added into culture media (100 ng/ml of
acidic fibroblast growth factor (aFGF), 20 ng/ml of basic
fibroblast growth factor (bFGF), 50 ng/ml of hepatocyte
growth factor (HGF), 20 ng/ml of fibroblast growth factor-4
(FGF-4), 10 ng/ml OsM, 100 ng/ml -nerve growth factor
(p-NGF), 100 ng/ml epithelial growth factor (EGF), and 2
ng/ml activin A (Veritas Corporation, Tokyo, Japan)).

(4) Analysis of Alkaline Phosphatase Activity

RA-treated ES cells were fixed 1n 4% paraformaldehyde
for ten minutes, and 1n 100% EtOH for ten minutes. The
cells were then washed with H,O for 30 minutes. Alkaline
phosphatase activity was detected using a Vector Red Alka-
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line Phospharase Substrate Kit I (Funakoshi Co., Ltd.,
Tokyo, Japan), according to kit istructions.

(5) RT-PCR Analysis

Total RNA was extracted by using ISOGEN (Nippon
Gene Co. Ltd., Tokyo, Japan). Single-stranded cDNA was
synthesized in solution of total volume 20 ul, contaiming 2
ug of total RNA, 0.5 ul of oligo (dT),s primer, 10 pmol of
dN'TPs, five units of RAV-2 RTlase, and first Strand Synthesis
bufler (TaKaRa Bio Inc., Kyoto, Japan). Synthesis was
performed at 36° C. for ten minutes, 42° C. for one hour, 56°
C. for ten minutes, and 99° C. for five minutes. Primers were
synthesized as follows (bracketed information: sense primer,

anti-sense primer, annealing temperature, PCR cycles, and
length of the amplified fragment):

albumin ALB

(5'-GCTACGGCACAGTGCTTG-23"'; (SEQ ID NO: 1)
5V -CAGGATTGCAGACAGATAGTC-3"; (SEQ ID NO: 2)
60° C.; 50 cycles; 260 bp),

tryptophan 2, 3-dioxygenase

(TO)

(5'-TGCGCAAGAACTTCAGAGTGA-23 " ; (SEQ ID NO: 23)
5' -AGCAACAGCTCATTGTAGTCT-231; (SEQ ID NO: 4)
56° C.; 50 cycles; 419 bp},

tranthyretin (TTR)

(5'-CTCACCACAGATGAGAAG-23!'; (SEQ ID NO: 5)
5V -GGCTGAGTCTCTCAATTC-31; (SEQ ID NO: 6)
55¢ C.; 50 cycles; 225 bp),

tyrogine aminotransferase (TAT)
(5'-ACCTTCAATCCCATCCGA-3"'; (SEQ ID NO: 7)
5' -TCCCGACTGGATAGGTAG-3 "', (SEQ ID NO: 8)
50°¢ C.; 50 cycles; 206 bp},

a-fetoprotein (AFP)

(5'-TCGTATTCCAACAGGAGG-23"'; (SEQ ID NO: 9)
5" -AGGCTTTTGCTTCACCAG-31'; (SEQ ID NO: 10)
55° C.; 25 cycles; 173 bpl},
glucose-6-phosphatase (G6P)
(5'-TGATTGCTGACCTGAGGAAC-3"'; (SEQ ID NO: 11)
5' -CAAACACCGGAATCCATACG-31; (SEQ ID NO: 12)
62° C.; 50 cycles; 352 bp},

cytokeratin 18 (CK18)
(B'-TGGTACTCTCCTCAATCTGCTG-3 "' ; (SEQ ID NO: 13)
5V -CTCTGGATTGACTGTGGAAGTG-31; (SEQ ID NO: 14)
60° C.; 50 cycles; 382 bp) and

p actin

(5'-AGAGCAAGAGAGGTATCCTG-3 "' ; (SEQ ID NO: 15)
5V -AGAGCATAGCCCTCGTAGAT -3 ; (SEQ ID NO: 16

55° C.; 25 cycles; 339 bp).

Amplification was performed in a total volume of 50 ul,
containing 4 ul of cDNA as a template, 100 uM of dNTPs,
10 pmol of primers, 1.0 unit of Ex-Taq, and Ex-Taq builer
(TaKaRa Bio Inc., Kyoto, Japan). After PCR, aliquots were
run on 3.0% agarose gels, stamned with ethidium bromide
(EtBr), and photographed under UV 1llumination.

(6) Biochemical Analyses of ES-Derived Hepatocytes

Glucose levels 1n the culture supernatant were analyzed
for cultured GFP-positive cell fractions, using the glucose

oxidase method, as previously described [Sistare, F. D. et al.,
J. Biol. Chem. 260: 12748-12753, 1985]. To examine cel-

lular ammonia detoxification activity, GFP-positive cell

fractions were cultured in DMEM comprising 2.5 mM
NH_,Cl, and further incubated for 24 hours. Using the
modified mmdophenol method, culture media were tested for
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NH_,CI concentration at 0, 6, 12, 18 and 24 hours after
culture mitiation [Horn, D. B. & Squire, C. R., Chim. Acta.
14: 185-194, 1966].

All patents, published patent applications, and publica-

tions cited herein are incorporated by reference in their
entirety.

EXAMPLE 1

cDNA Microarray Analysis

The present inventors used a cDNA microarray to analyze
growth factor genes which are expressed differently in

CCl,-treated mouse liver and placebo-treated mouse liver
(Table 1).

TABLE 1
Ac- CCly-
CESS10M un- CCl,- Fold
number Gene name treated treated change
Y0084 8 Fibroblast growth factor 3 —-128.3 2.7 ~1.3
X14849 Fibroblast growth factor 4 140.9 331.5 2.4
M37823 Fibroblast growth factor 3 -219.9 2104 ~1.6
12483 Fibroblast growth factor & —-180.3 165.0 ~1.7
DY90R0O Fibroblast growth factor 10 —483.5 345.7 ~2.1
AF020737 Fibroblast growth factor 13 13.1 138.0 ~1.7
AB0O04639  Fibroblast growth factor 18 —-101.8 1.3  ~1.0
X72307 Hepatocyte growth factor -19.0 196.6 ~1.8
D63707 Hepatoma-derived growth 5718.3 126359 2.2
factor
M17298 P-nerve growth factor -41.2 3729 ~2.6
X 04480 Insulin-like growth factor 1 8120.7 42535.0 5.2
X71922 Insulin-like growth factor 2 -41.7 71.1 ~1.3
KO01668 Mast cell growth factor 46.5 95.6 2.1
M92420 Transforming growth factor 79.5 39477 ~2.6
NM_ 021438  Fibroblast growth factor 1 5759  1046.2 1.8

Genes are listed by GenBank accession number. Fold difference in gene

expression was measured using analyzer software.
~ A new expression gene in the CCl -treated mouse liver.

Ten types of newly expressed growth factor genes were in

the CCl,-treated mouse livers (fibroblast growth factor 3
(FGF-3), fibroblast growth factor 5 (FGF-35), fibroblast

growth factor 8 (FGF-8), fibroblast growth factor 10 (FGF-
10), fibroblast growth factor 13 (FGF-13), fibroblast growth
tactor 18 (FGF-18), HGF, PNGF, insulin-like growth factor
2 (IGF-2), and transforming growth factor . (TGF a). The
expression ol five types of growth factor increased from
about 1.8 fold to about 5.2 fold in the CCl,-treated livers
(FGF4: 2.4 fold, hepatoma-derived growth factor (HDGF):
2.2 fold, mmsulin-like growth factor 1 (IGF-1): 3.2 fold, mast
cell growth factor (MCGF): 2.1 fold, and fibroblast growth
factor 1 (FGF-1): 1.8 fold). This data suggests that several

growth factors are necessary for liver regeneration.

EXAMPLE 2

[T

Tects of Retinoic Acid (RA)

The present inventers mvestigated the eflects of RA and
a single growth factor, LIF, on ES cell differentiation (FIG.
2A). GFP-positive cells were not detected before ES cell
differentiation or addition of growth factor. When using
medium comprising LIF and RA, a culture period of three
days (n=2) was eflicient 1n inducing GFP-positive cells. For
example, the proportion of GFP-positive cells 1n medium
comprising HGFE, LIF and RA rose from 4.11% to 9.72%.
These results, obtained by EGFP expression and alkaline
phosphatase staining (data not shown), clearly showed that
RA-treated ES cells have retained a number of diflerential
abilities, as pluripotent ES cells. With regards to the effect of
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RA, ES cells cultured im medium comprising LIF were
induced more ethiciently than in medium without LIF.

EXAMPLE 3

Tects of Growth Factors on ES Cell
Difterentiation

[T

The present inventors studied EGFP expression over five
days, mnvestigating the eflects of growth factors on the
induction of ES cell differentiation (FIGS. 2B to 2E). In the
absence of medium comprising FGF4, GFP-positive cell
formation was inhibited from an early stage when OsM was
used alone or 1 combination with several growth factors.
Similarly, aFGF inhibited bFGF-facilitated hepatocyte mul-
tiplication, and GFP-positive cells were not detected when
FGF4 was combined with any of the bFGF, EGF and/or
BNGF mixtures. Induction of GFP-positive cells was
detected within three days i medium comprising aFGF,
FGF4 and HGF, and the percentage of positive cells was
28.72x5.81% (n=5). In addition, the percentage of GFP-
positive cells was also higher 1n mixed medium comprising
activin A and aFGF, mixed medium comprising EGF and
aFGF, mixed medium comprising PNGF and aFGF, mixed
medium comprising activin A and FGF4, and mixed medium
comprising HGF and FGF4; compared to medium compris-
ing each growth factor alone. GFP-positive cells were not
detected 1n control culture dishes, which were not cultured
in media comprising growth factors (data not shown).

Previous methods for inducing ES cell differentiation
were based on acquiring the ability to differentiate into
various cells by first forming EBs and then causing these
EBs to differentiate into any of the three germ layer types.
However, the results of this Example suggest that pluripo-
tency 1s not acquired by forming EBs, but 1t 1s an ability
inherent to ES cells. The rate of diflerentiation was con-
firmed to be about four to about eight times greater than that
with EB formation (Miyashita, H., Suzuki, A., Fukao, K.,
Nakauchi, H., and Taniguchi, H., “Evidence for hepatocyte
differentiation from embryonic stem cells 1n vitro.”, Cell
Transplantation 11: 429-434, 2002).

As described above, 1t 1s suggested that by adding the
alorementioned growth factors to culture medium, pluripo-
tent ES cells can be induced to differentiate into GFP-
positive cells at an efliciency of about one-third, and without
forming EBs, which differentiate spontaneously and 1rregu-
larly. Moreover, 1t was suggested that differentiation could
be directly induced by artificially manipulating ES cells.

EXAMPLE 4

Tects of Matrix on ES Cell Difterentiation

[T

To examine the eflect of the culture dish matrix on ES cell
differentiation, the present inventors counted the number of
GFP-positive cells on five types of matrix-coated culture
dish (day 8) (FIGS. 3 and 4). The experiment was carried out
by pre-culturing the cells for three days in gelatin-coated
culture dishes comprising RA and LIF, then culturing the
cells for five days in gelatin-coated culture dishes compris-
ing HGF, aFGF and FGF4, and finally culturing the difler-
entiation-induced cells 1 each type of coated culture dish
comprising OsM. The resulting percentages of GFP-positive
cells were as follows: gelatin, 2.26+0.36%; laminin (10
ug/ml), 24.1+4.97%; fibronectin (6 png/ml) 6.5+1.57%; and
vitronectin (1 ng/ml), 0.9£0.47%. GFP-positive cells 1n the
collagen type I-coated culture dishes (n=5) had the greatest
percentage of differentiated ES cells, at 38.4%
(34.17£4.91%). In the laminin-coated and collagen type
I-coated culture dishes, GFP was strongly expressed by OsM
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in ES cell differentiation. However, the percentage of GFP-
positive cells was reduced in dishes with other coatings.
Similarly, when collagen type I-coated plates were used 1n
the first stage of culturing, the percentage of GFP-positive
cells was reduced, and the growth activity of GFP-negative
cells was much greater than the differentiation of GFP-
positive cells (data not shown). This data indicates that the
matrix plays an important role in ES cell differentiation.

EXAMPLE 5
Analysis of GFP-Positive Cell Type

The GFP-positive cell fractions were investigated using a
phase microscope (FIG. 5). GFP-positive cells and differ-
entiated cells were the same. The location of GFP-positive
cells was indicated by the production of ALB, a mature
hepatocyte marker. However, the results contrasted with
hepatocyte type cells.

EXAMPLE 6

Analysis of Liver Gene Expression and Function 1n
GFP-Positive Cell Fractions

To assess the level of liver differentiation, the present
inventors investigated the expression of mRNA by liver-
specific genes 1n the GFP-positive cell fractions (FIG. 6A).
Mature hepatocyte markers including ALB, TO, TTR, TAT,
CK18 and G6P, were positive on day seven of culturing.
AFP, a marker specific to immature hepatocytes, was not
detected. On the other hand, on day five of culturing, TAT,
G6P and CKI18 were not detected in GFP-positive cell
fractions 1n a medium comprising HGFE, aFGF and FGF4.
ALB and TO were detected at low levels, and AFP was not
detected. Placebo-treated ES cells did not express these
hepatocyte marker genes. These results suggest that GEFP-
positive cells comprise the characteristics of mature hepa-
tocytes. Mature hepatocytes are finally diflerentiated hepa-
tocyte cells. Obtaining ﬁnally differentiated cells from ES
cells 1s extremely useful in researching and elucidating
intermediate differentiation pathways for research on hepa-
tocyte development and differentiation. In addition, the
potential for using mature hepatocytes for cell transplant
therapy objectives has been confirmed by 1 vivo experi-
ments using liver disease model mice (Yamamoto, H. et al.,
Hepatology, 37: 983-993, 2003; and Teratani, T., et al., 2003,
submission). Since immature hepatocytes are not fully dif-
terentiated, their latent potential for disdifferentiation or
abnormal proliferation (e.g., canceration) 1s thought to be
higher than for mature hepatocytes. Thus the acquisition of
mature hepatocytes 1s also advantageous from this point of
VIEW.

To further elucidate whether GFP-positive cell fractions
comprise hepatocyte-specific function or not, the present
inventers performed biochemical analysis (n=2). These
results indicated that GFP-positive cell fractions can show
glucose-producing ability (FIG. 6B) and also aflect the
depletion of ammonia from the culture media (FIG. 6C).
These results indicate that hepatocytes differentiated from
ES cells can grow 1n vitro over a considerable period of time,
whilst retaining hepatocyte characteristics including meta-
bolic activity.

EXAMPLE 7

Treatment of Cirrhosis Model Mice by
Transplantation of Hepatocytes Derived from ES
Cells Induced by the Present Invention

To artificially induce cirrhosis, dimethylnitrosoamine
(DMN) was administered intraperitoneally, three times a
week for four consecutive weeks, to female mice (age: eight
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weeks, strain: 1295V). DMN was administered at dosage of
1% 1 1 ml of physiological saline per kilogram of mouse
body weight. The presence or absence cirrhosis induction
was coniirmed by the presence of fibrosis, as determined by
microscopic examination of liver tissue sections, and by
numerical results, obtained by measuring GOT and GPT
levels 1n the serum. GFP-positive cells (hepatocytes derived
from mouse ES cells) were prepared using the present
differentiation induction system, and 1.0x10° cells per
mouse were injected mtravenously into the caudal vein four
weeks alter the final DMN administration. The control group
was administered with physiological saline. Each group
contained eight mice. Twenty-four hours after transplant,
liver sections were observed with a fluorescence micro-
scope, indicating that the hepatocytes, which were GFP-
positive cells, were already attaching near cirrhotic lesions
in the liver (FIG. 7).

An extremely prominent difference in survival rate was
observed on comparing groups that were and were not dosed
with GFP-positive cells. Four weeks after DMN adminis-
tration, all of the non-dosed animals died. In contrast, 75%
of animals 1n the GFP-positive cell dosed group survived,
confirming a significant life-prolonging efiect in this group
(FI1G. 8).

When fluctuations in blood level fibrinogen and albumin
were 1nvestigated, both levels were determined to have
recovered to nearly normal two weeks after transplant
(FIGS. 9 and 10).

In addition, three weeks after administering control PBS
to DMN-treated mice, prominent cell death and fibrosis was
observed 1n their hepatocytes. However, three weeks after
mice similarly treated with DMN were transplanted with
GFP-positive hepatocytes, stained hepatocyte tissue samples
revealed marked improvements 1n fibrosis (FIG. 11).

These results suggest that cirrhosis can be treated by
transplanting hepatocytes derived from ES cells mduced
according to the present ivention.

EXAMPLE 8

Analysis of the Expression and Function of Liver

Genes 1 Hepatocytes Induced to Diflerentiate from
Cynomolgus Monkey ES Cells

Based on findings obtained from mouse ES cells, the
present inventors attempted to use primate ES cells from
cynomolgus monkeys (CM) to induce differentiation to
hepatocytes. The CMES cells were cultured in gelatin-
coated culture dishes (Iwaki) i 400 ml of Dulbecco’s
modified Eagle medium contaiming 20% {fetal calf serum, 5
ml of non-essential amino acids, 5 ml of nucleoside storage
solution, 3.5 ul of f-mercaptoethanol, 1000 units/ml of LIF
and 50 ug/ml of G418, followed by insertion of pALB-
EGFEP by electroporation to produce G418-resistant pALB-
EGFP/CMES cells. The resulting pALB-EGFP/CMES cells
were shown to retain the ability to remain undifferentiated
since they possessed alkaline phosphatase activity (FIG.
12A) and the ability to form embryoid bodies (FIG. 12B).

Differentiation to hepatocy“[es was induced in CMES cells
using the present mvention’s 1n vitro differentiation induc-
tion system, established using mouse ES cells. More spe-

cifically, 5.0x10° pALB-EGFP/CMES cells prepared under
the atorementioned conditions were cultured at 37° C. for

three days 1n a gelatin-coated culture dish with 1000 units/
ml of LIF and 1.0x10~°M RA. Pre-cultured ES cells were
then 1noculated into a gelatin-coated culture dish, followed
by the addition of 50 ng/ml of HGF, 20 ng/ml of FGF4 and
100 ng/ml of aFGF. This mixture was then incubated at 37°
C. for ten days. Some of the dissociated cells were trans-
terred to a collagen type I-coated dish and cultured at 37° C.
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for three days with 10 ng/ml of OsM. 16 days alter begin-
ning to induce differentiation, the fraction of GFP-positive
cells relative to differentiated cells was investigated. The
location of GFP-positive cells was demonstrated by the
production of ALB, a mature hepatocyte marker (FIG. 13A).
In order to evaluate the level of differentiation to liver cells,
mRINA expression by liver-specific genes was investigated

in the GFP-positive cell fraction. This investigation showed
that mature hepatocyte markers, including ALB, TO, TAT
and G6P, were positive (FIG. 13B). These results regarding
liver-specific markers, metabolic function and morphology
demonstrate that the cells induced to differentiate from

CMES cells obtained in this Example were hepatocytes.

Thus these results show that hepatocytes can also be pro-
duced from primate ES cells.

This Example demonstrates that mouse ES cells can
differentiate into hepatocytes with liver-specific functions

when pALB-EGFP-transtected ES cells are cultured in
DMEM supplemented with HGF, FGF-4, aFGFE, and OsM,

and the matrnx 1s changed from gelatin to collagen type I
(FIG. 1). The most important points in this system are that
1) ES cells are cultured in a medium comprising LIF and RA
for three days before differentiation, and 11) that efhicient
differentiation of GFP-positive cells 1s achieved from ES
cells 1n vitro. Mouse ES cells are thought to have sutlicient
developmental potential, as they can give rise to dertvatives
of all three germ layers (mesoderm, ectoderm, and endo-
derm) 1 vitro [Evans, M. J. and Kauiman, M. H., Nature
292:154-156, 1981; and Martin, G. R., Proc. Natal. Aced.
Sic. USA. 78:7634-7638, 1981]. According to developmen-
tal biology using P19 and F9 embryonic carcinoma cell
differentiation systems, these cells are able to differentiate 1n
vitro, and the derivatives of all three embryonic germ layers
(mesoderm, ectoderm, and endoderm) can be obtained

depending on the culture, AFP synthesis, and retinoic acid

(RA) concentration [Sasahara, Y. et al., J. Biol. Chem. 271:
25950-25957, 1996; Grover, A. & Adamson, D. E., Dev.
Biol. 114: 492-503, 1986; Hogan, B. L. M. & Tilly, R. 1.,
Embryol. Exp. Morphol. 62: 379-394, 1981; Hogan, B. L.
M. et al., Cancer Surveys. 2: 115-140 1983; and Grover, A.
et al., J. Cell Biol. 96: 1690-1696, 1983]. Thus, P19 and F9
cells resemble ES cells 1n that they can induce the three germ
layers, even 1 RA 1s not added to the culture medium. In this
connection, the present inventors demonstrated that the
differentiation of GFP-positive cells 1s determined 1n effec-
tive conditions that use LIF and RA (FIG. 2A). Accordingly,
hepatocyte diflerentiation 1s efliciently induced when LIF
and RA are added to the culture medium. However, even 1f
the ES cells are not pre-cultivated, it 1s possible to induce

L ] [

hepatocyte differentiation even though the efliciency 1s low,
(FIG. 2A). The ES cells were cultured with the three
important growth factors (aFGF, HGF and FGF-4) on gela-
tin-coated dishes for five days, and further cultured with
growth factor (OsM) on collagen type I-coated dishes for
two days. This induced ES cell differentiation (FIGS. 2B to
2G, and FIG. 3). aFGF as an FGF-1 1s a heparin binding
growth factor which stimulates the proliferation of a wide
variety of cells, including mesenchymal, neuroectodermal
and endothelial cells [Dungan, K. M. et al., J. Exp. Zool.
292: 540-54, 2002]. HGF 1s a powertul mitogen for mature
hepatocytes and biliary epithelial cells [Nakamura, T. et al.,
Nature. 342: 440-443, 1989; and Jopin, R. et al., J. Clin.
Invest. 90: 1284-1289, 1992]. Furthermore, FGF-4 as a
heparin binding secretory transforming factor-1 (HST-1) 1s

important 1n 1nitial endoderm patterning, and may play a role
in endoderm determination [Wells, J. M. & Melton, D. A.,

Development. 127: 1563-1572, 2000]. OsM 1s an important
growth-regulating cytokine that has a variety of eflects on a
number of tumors and normal cells, and was 1dentified to
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up-regulate the function of hepatocyte metabolism activa-
tion [Sakai, Y. et al., Cell Transplant. 11: 435-441, 2002].

The present inventers used cDNA microarrays to analyze
changes in growth factor mRNA expression in CCl,-treated
and placebo-treated mouse livers (Table 1). Recent studies
suggest that hepatoma-derived growth factor (HDGF) 1s
highly expressed in developing liver, and promotes fetal
hepatocyte proliferation in mice; and that insulin-like
growth factors-1 and -II (IGF-I and II) induce the difleren-
tiation ol hepatocytes in rats [Enomoto, H. et al. Hepatol-
ogy. 36: 1519-15277, 2002; and Streck, R. D. & Plntar 1. E.,
Endocrinology. 131: 2030-2032, 1992]. HGF and transform-
ing growth factor o (TGF ) relate to various stages of
hepatocyte proliferation [Fausto, N. J. Hepatol. 32: 19-31,
2000; and Michalopoulos, G. K. & DeFrances, M. C.,
Science. 276: 60-66, 1997]. The present inventers had earlier
detected HGF expression 1n the regeneration of mouse liver
using Western blotting analysis. Accordingly, the cDNA
microarray data was reliable. However, the present inventers
found that differentiation of hepatocytes from ES cells 1s
related to the matrix (FI1G. 4). Usually, collagen-coated and
laminin-coated dishes are used for hepatocyte cultivation.
Thus, eflicient differentiation of functional hepatocytes from
ES cells was possible without EB formation. To understand
this mechamism 1n more detail, hepatic regeneration such as
growth factor expression in a number of hepatic diseases

was essential [Fausto, N. J., Hepatol. 32: 19-31, 2000; and
Hoflman, A. L. et al., Seminars Liv. Dis. 14: 190-210, 1994].

Previous reports have suggested that endoderm-specific
gene expression was derived from the EB visceral endoderm
[Abe, K. et al., Exp. Cell Res. 229: 27-34, 1996]. However,
in the Examples, the expression of mature hepatocyte mark-
ers was detected. For example, TTR 1s expressed during
liver maturation and represents endodermal or yolk-sac-like
differentiation [Makover A, et al., Differentiation. 40:17-235,
1989]. Expression of ALB, the most abundant protein syn-
thesized by mature hepatocytes, begins 1n early fetal hepa-
tocytes (E12), and peaks 1n adult hepatocytes [Sellem, C. H.
et al., Dev. Biol. 102: 51-60, 1984]. TAT 1s an eXcellent
enzymatic marker for peri- or postnatal hepatocyte-specific
differentiation. This enzyme 1s not synthesized 1n significant
quantities prior to birth, but i1s rapidly activated early 1n the
neonatal developmental period [Greengard, O., Science.
163:891-893, 1969]. G6P expression has been observed 1n
the liver from the perimatal period, and its proteins play a
role 1n gluconeogenesis [Burcelin, R. et al., J. Biol. Chem.
275: 10930-10936, 2000]. In recent reports, EBs were
differentiated 1nto hepatocytes by plating on gelatin-coated
dishes, and incubating for several days without LIF and
growth tactors [Hamazaki, T., Iiboshi, Y., and Oka, M. et al.,
FEBS Lett. 497: 15-19, 2001 and Mlyashlta H. et al., Cell
Transplantation. 11: 429 434, 2002]. Similarly, the present
inventors used RT-PCR to detect hepatic genes in the
GFP-positive cell fraction which was differentiated as hepa-
tocytes (FIG. 6A). Moreover, on investigating the in vitro
metabolic activity of the GFP-positive cell fractions, the
present 1nventers found that ES-derived hepatocytes
expressed liver functions (FIGS. 6B and 6C). These findings
suggest that the diflerentiation of functional mature hepato-
cytes from ES cells does not require EB formation, and
differentiation 1s possible in a shorter time than in general

methods which use EB formation.

The present inventers have previously demonstrated that
ES cells can differentiate into hepatic cells i transplanted
and established 1n liver-damaged mouse recipients. Using
this method, ES cells could be efficiently induced to differ-
entiate 1nto functional hepatocytes 1 14% to 28% of the
teratomas generated in this system [Yamamoto, H. et al.,
Hepatology. 37: 983-993, 2003]. Although hepatocyte pro-

duction can be achieved by 1n vitro systems, 1t was possible
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that the produced cells were fusion cells between the origi-
nal hepatocytes and the ES cells. However, the present
inventors have presented data that clearly demonstrates, for
the first time, that functional hepatocytes can be directly
induced from ES cells 1n vitro, and that the GFP-positive
cells are not fusion products between normal hepatocytes
and ES cells.

The present invention demonstrates that the 1n vitro ES
cell differentiation system 1s a useful model for analyzing the
role of specific growth factors and intracellular signaling
molecules 1 hepatic development, and may be the basis for
stem cell therapies applicable in treating hepatic diseases.

EXAMPLE 9

Establishment of pALB-EGFP/hMSCs

Human marrow cell-derived normal mesenchymal stem
cells (hMSCs) (FIG. 14) were purchased from Sanko Juny-
aku Co., Ltd. (Tokyo, Japan). The cells were cultured using
a mesenchymal stem cell medium kit (Takara Co., Ltd.,
Kyoto, Japan) and non-coated culture dishes (Iwaki Co.,
Ltd., Tokyo, Japan). A system enabling the simple detection,
using a fluorescence microscope, of induced hMSC differ-
entiation to hepatocytes was required. To this end, a vector
in which an EGFP sequence was bound downstream of a
human albumin promoter sequence (Quinn G., et al., BBRC,
2°76: 1089-1099, 2000) was mtroduced to genes using elec-
troporation. The electroporation conditions adopted were
those for cynomolgus monkey ES cells (concentration of the
gene to be introduced: 50 pug, 420V, 25 uF, 1.0x107 cells/0.4
ml opt1i MEM). Meanwhile, the neomycin (G418; Gibco
BRL, Funakoshi Co., Ltd., Tokyo, Japan) sensitivity of
hMSCs 1n which genes had not been mtroduced was studied
in order to select drugs, and a concentration of neomycin
was decieded upon (FIG. 15). This neomycin concentration
was thereafter used to maintain and imduce pALB/hMSC
differentiation.

EXAMPL.

(Ll

10

Difterentiation Induction

After gene introduction, drug selection was carried out
using neomycin, and cloned human MSCs were obtained
(heremaftter referred to as pALB/hMSCs). The diflerentia-
tion of pALB/hMSCs into hepatocytes was 1nitiated using
the HIFC differentiation induction system established in ES
cells. Each cell growth factor was added to the culture
medium 1n concentrations adopted from cynomolgus mon-
key ES cells (HGF: 200 ng/ml, aFGF: 300 ng/ml, FGF4: 60
ng/ml; Veritas Corporation, Tokyo, Japan). Diflerentiation
was 1nduced for ten days using a collagen-coated culture
dish (Iwaki Co., Ltd., Tokyo, Japan) and serum-iree hepa-
tocyte culture medium (HMC; Sanko Junyaku Co., Ltd.,
Tokyo, Japan) comprising growth factors. Oncostatin M
(Veritas Corporation, Tokyo, Japan) was then added to the

SEQUENCE LISTING

<l60> NUMBER OF SEQ ID NOS: 28

<210>
<21l1l>
<212>
<213>
<220>

SEQ ID NO 1

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial
FEATURE :

10

15

20

25

30

35

40

45

50
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culture solution (HMC) at a concentration of 10 ng/ml, and
further culturing was performed for a four day maturing
term (FIG. 16). On day 14, GFP-positive cells, indicating the
acquisition of albumin producing ability, were detected
under a fluorescent microscope (FIG. 17).

EXAMPL.

11

(L]

Characteristics of GFP Positive pALB/hMSCs

Total RNA was extracted using ISOGEN (Nippon Gene
Co., Ltd., Tokyo, Japan). A single-stranded cDNA was
synthesized 1n a total volume of 20 ul of a solution contain-
ing 2 ug of the total RNA, 0.5 ul of an oligo(dT),s primer,
10 pmol of dANTP, 5 units of RAV-2 RTase, and a single-
stranded chain synthesizing bufler (Takara Co., Ltd., Kyoto,
Japan). Synthesis was performed at 36° C. for ten minutes,
at 42° C. for one hour, at 56° C. for ten minutes, and at 99°
C. for five minutes. In addition, the following primers were
synthesized (oligonucleotide information is 1 the following
order: sense primer; antisense primer; annealing tempera-

ture; PCR cycles; amplified fragment length): albumin
(ALB) (3-GCAACACAAAGATGACAACCN-3 (SEQ ID
No: 17); S-TCCTTGGCCTCAGCATAGTIN-3 (SEQ ID
No: 18); 60° C.; 32 cycles; 665 bp), tryptophan 2,3-dioxy-
genase(1T0) (5-CTGAAGAAAAAGAGGAACAGN-3
(SEQ ID No: 19); 5-TCTGTGCACCATGCACACATN-3
(SEQ ID No: 20); 58° C.; 34 cycles; 265 bp), tyrosine
aminotransierase  (TAT) (5-CTGGTGAAGCTGAGT-
CAGCGN-3 (SEQ ID No: 21); 5-TCACAGAACTCCTG-
GATCCGN-3 (SEQ ID No: 22); 58° C.; 34 cycles; 394 bp),
glucose-6-phosphatase  (G6P) (5-TTGTGGTTGGGAi
TCTGGGCN-3 (SEQ ID No: 23); 5-GCTGGCAAAGGGT-
GTAGTGTN-3 (SEQ ID No: 24); 55° C.; 42 cycles; 320
bp), a-fetoprotein (AFP) (5 TCGTATTCCAACAG-
GAGG-3 (SEQ ID No: 25); 5S-AGGCTTTTGCTTCAC-
CAG-3 (SEQ ID No: 26); 34° C.; 42 cycles; 173 bp), 3 actin
(S-AGAGCAAGAGAGGTATCCTG-3 (SEQ ID No: 27);
S-AGAGCATAGCCCTCGTAGAT-3 (SEQ ID No: 28); 55°
C.; 25 cycles; 339 bp). Amplification was performed 1n a
total volume of 50 ul containing 4 ul of a template cDNA,
100 uM dNTPs, 10 pmol of a primer, 1.0 unit of Ex-Taq and
an Ex-Taq bufler (Takara Co., Ltd., Kyoto, Japan). After
PCR, aliquots were run on 3.0% agarose gels, stained with
cthidium bromide (EtBr), and then photographed under UV
irradiation (FIG. 18). Furthermore, chromosomes of the GFP
positive pALB/hMSCs (day 14 after diflerentiation induc-
tion) were analyzed using a G-band method (FIG. 19).

The present differentiation inducing system 1s a system 1n
which stimulation of cell growth factors i1s used to induce
differentiation 1n a near natural state. Results gained by
using the system revealed that the CD34 negative fraction
also comprises the ability of differentiating into hepatocytes.
Furthermore, a combination of cell growth factors devel-
oped (discovered) by the present inventors was confirmed
for the first time to be applicable not only to ES cells but also
to marrow cell-derived mesenchymal stem cells.




<223>

<4 00>

US 7,332,336 B2
21

-continued

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 1

gctacggcac agtgcttyg

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 2

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 2

caggattgca gacagatagt ¢

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 3

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 3

tgcgcaagaa cttcagagtg a

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 4

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 4

agcaacagct cattgtagtce t

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO b5

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: b5

ctcaccacag atgagaag

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO o

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 6

ggctgagtct ctcaattce

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 7

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE : 7

accttcaatc ccatccga

18

21

21

21

18

18

18

22



<210>
<211>
<212>
<213>
<220>
<223>

<4 00>
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-continued

SEQ ID NO 8

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: 2&n artificially synthesized primer sequence

SEQUENCE: 8

tccecgactgg ataggtag 18

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO S

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: S

tcgtattcecca acaggagyg 18

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 10

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 10

aggcttttge ttcaccag 18

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 11

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 11

tgattgctga cctgaggaac 20

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 12

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: 2&n artificially synthesized primer sequence

SEQUENCE: 12

caaacaccgg aatccatacg 20

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 13

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 13

tggtactcte ctcaatctge tg 22

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 14

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: 2&n artificially synthesized primer sequence

24
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-continued

SEQUENCE: 14

ctctggattg actgtggaag tg 22

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 15

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 15

agagcaagag aggtatcctg 20

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 16

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 16

agagcatagce cctcgtagat 20

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<4 00>

SEQ ID NO 17

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence
FEATURE:

NAME /KEY: misc_feature

LOCATION: (21)..(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 17

gcaacacaaa gatgacaacc n 21

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<4 00>

SEQ ID NO 18

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence
FEATURE:

NAME /KEY: misc feature

LOCATION: (21)..{(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 18

tccttggect cagcatagtt n 21

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<4 00>

SEQ ID NO 19

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: 2&n artificially synthesized primer sequence
FEATURE:

NAME/KEY: misc feature

LOCATION: (21)..(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 19

ctgaagaaaa agaggaacag n 21

<210>
<211l>

SEQ ID NO 20
LENGTH: 21

26



<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<4 00>
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-continued

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: 2&n artificially synthesized primer sequence
FEATURE:

NAME/KEY: misc feature

LOCATION: (21)..{(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 20

tctgtgcacce atgcacacat n 21

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<4 00>

SEQ ID NO 21

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence
FEATURE:

NAME /KEY: misc feature

LOCATION: (21)..(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 21

ctggtgaagc tgagtcagcg n 21

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
CL222>
<223>

<4 00>

SEQ ID NO 22

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence
FEATURE:

NAME /KEY: misc feature

LOCATION: (21)..{(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 22

tcacagaact cctggatccg n 21

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<4 00>

SEQ ID NO 23

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence
FEATURE:

NAME/KEY: misc feature

LOCATION: (21)..(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 23

ttgtggttgg gattctgggc n 21

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

<4 00>

SEQ ID NO 24

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence
FEATURE:

NAME /KEY: misc_feature

LOCATION: (21)..(21)

OTHER INFORMATION: “n” indicates a, t, g, or c.

SEQUENCE: 24

gctggcaaag ggtgtagtgt n 21

<210>

SEQ ID NO 25

28



<211>
<212>
<213>
<220>
<223>

<4 00>
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-continued

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 25

tcgtattcecca acaggagyg 18

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 26

LENGTH: 18

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 26

aggcttttge ttcaccag 18

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 27

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 27

agagcaagag aggtatcctg 20

<210>
<211>
<212>
<213>
<220>
<223>

<4 00>

SEQ ID NO 28

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: An artificially synthesized primer sequence

SEQUENCE: 28

agagcatagce cctcgtagat 20

The invention claimed 1s:

1. A method for inducing differentiation of mesenchymal
stem cells to hepatocytes comprising

(a) culturing the mesenchymal stem cells in a medium 45

30

6. A method for inducing dif
stem cells to hepatocytes comprising

(a) culturing the embryonic stem cells n a medium

comprising retinoic acid, leukemia inhibitory factor,

‘erentiation of embryonic

comprising acidic fibroblast growth factor, fibroblast
growth factor 4, and hepatocyte growth factor; and then

(b) culturing the cells cultured 1n step (a) 1n a medium

comprising oncostatin M, thereby differentiating the
mesenchymal stem cells 1into hepatocytes.

2. The method according to claim 1, wherein the cells are
cultured on a gelatin-coated culture dish in step (a), and the
cells are cultured on a collagen type I-coated culture dish or
laminin-coated culture dish 1n step (b).

3. The method according to claim 1, wherein the cells are
cultured on a gelatin-coated culture dish.

4. A method according to claim 1, wherein the mesen-
chymal stem cells are derived from a mamnnal.

5. The method according to claim 3, wherein the mammal
1s a human, monkey, mouse, rat or pig.

and hepatocyte growth factor; and then
(b) culturing the cells cultured 1n step (a) in a medium
comprising acidic fibroblast growth factor, fibroblast
growth factor 4, and hepatocyte growth factor; and then
(c) culturing the cells cultured m step (b) 1n a medium
comprising oncostatin M, thereby differentiating the
embryonic stem cells into hepatocytes.
7. The method according to claim 6, wherein the cells are
cultured on a gelatin-coated culture dish in steps (a) and (b),

55 and the cells are cultured on a collagen I-coated culture dish

or laminin-coated culture dish 1n step (c).
8. The method of claim 1 or 6 wherein the hepatocytes are
mature hepatocytes.
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